trobenzenesulfonamides (1a-e) were synthesized in one pot from 4-chloroaniline under solvent-free conditions and have been developed as chemoselective N-acylation reagents. Selective protection of primary amines in the presence of secondary amines, acylation of aliphatic amines in the presence of aryl amines, and monofunctionalization of primary-secondary diamines as well as selective N-acylation of amino alcohols using these reagents are described. All of the acylation reactions were carried out in water as a green solvent. High stability and easy preparation of these acylating reagents are other advantages of this method.
Introduction
Acylation of amines is of enormous interest in organic synthesis because it provides a useful and efficient protection protocol in a multistep synthesis process [1] . Many of chemical reactions involved in the synthesis of drugs frequently use acylation reactions. Acylation of amines are usually done by carboxylic acid anhydrides or chlorides in the presence of an acid or base catalyst in a suitable organic solvent [2, 3] . Selective acylation of amino groups in the presence of other functional groups that can be acylated by carboxylic acid anhydrides or chlorides has great practical utility [4] [5] [6] . A variety of reagents has been developed by devising a leaving group for the above purpose [7] . Acetylation of amines using a N-methoxydiacetamide [8] , N-formylation using N-formylbenzotriazole [9] , trifluoroacetylations with ethyl trifluoroacetate [10, 11] , using N-acetyl-N-acyl-3-aminoquinazolinones for acetylating of primary amines [12] , and application of (trifluoroacetyl)benzotriazole as trifluoroacetylation reagent [13] are some of the reagents and methods for chemoselective acylation of amines. Murakami and coworkers have synthesized N-acyl-N-(pentafluorophenyl) methanesulfonamides and have used them as chemoselective N-acylation reagents [14] . They have shown that a reagent bearing a bulky leaving group can exhibit sufficiently good chemoselectivity. The low stability of acylating agents, limited application, and the use of organic solvent are some of the disadvantages of these methods.
The design of chemical transformations with low environmental impact is recognized by both industry and academic research as increasingly important. In this context, the development of reactions occurring in nontoxic solvents is highly desirable [15, 16] . The application of water as an inexpensive, readily available, and environmentally benign alternative to organic solvents has developed into a highly active field of research addressing current requirements in synthetic chemistry [17] [18] [19] .
In continuation of our research on the acylation reactions [20] [21] [22] [23] , we wish to report here the synthesis of a series of new acylating reagents, which are useful for the chemoselective acylation of amino groups of compounds that possess both amino and other groups in water.
to focus on the use of N-(4-chlorophenyl)-4-nitrobenzenesulfonamide as a precursor of various N-acylation reagents. This sulfonamide is expected to behave as a bulky leaving group containing a strongly electron-withdrawing substituent on the benzene rings including nitro and chloro groups. This sulfonamide was synthesized from 4-chloroaniline and 4-nitrobenzenesulfonyl chloride in the presence of anhydrous NaHCO 3 under solvent-free conditions in high yield and purity (Scheme 1) [24] . Then, N-(4-chlorophenyl)-4-nitro-benzenesulfonamide was reacted with a carboxylic acid anhydride in the presence of anhydrous K 2 CO 3 under solventfree conditions. The reactions were completed very fast and the corresponding N-acyl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamides 1a-e were obtained in high yields and purity. Also, these N-acyl-N-arylsulfonamides could be prepared in one pot directly from 4-chloroaniline without the need to isolate N-(4-chlorophenyl)-4-nitro-benzenesulfonamide.
Several structurally varied carboxylic acid anhydrides underwent clean and remarkably fast N-acylation reaction (Table 1) . The aliphatic anhydride with a long chain, like hexanoic anhydride (Table 1 , entry 4, compound 1d), could be used as effectively as one with a short chain. Comparison between the aliphatic and benzoic anhydride show that aliphatic anhydrides are more reactive than benzoic anhydride. It was found that the reaction between N-(4-chlorophenyl)-4-nitrobenzenesulfonamide, and benzoic anhydride produces The reaction was run in acetone.
N-benzoyl-N-(4-chlorophenyl)-4-nitrobenzenesulfon-
amide in 50 % yield after 10 h under solvent-free conditions (Table 1 , entry 5, compound 1e). To overcome this problem, the reaction was done in acetone as solvent. The procedure consists of the addition of benzoic anhydride to a mixture of N-(4-chlorophenyl)-4-nitrobenzenesulfonamide and K 2 CO 3 in acetone. By this method, the product was obtained in 85 % yield after 4 h in high purity (Table 1 , entry 6, compound 1e). Also, it should be mentioned that these reactions were scalable and all of the N-acyl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamides 1a-e were synthesis on 20-mmol scales as well as 2-mmol scales.
Acylation of aromatic and aliphatic amines
First, to find the best conditions for the acylation of different amines using these novel acylating reagents, a number of reactions were performed. In our initial study, the acylation of p-anisidine with N-acetyl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamide (1a) as a model reaction was carried out in different solvents including water, acetonitrile, n-hexane, and also under solvent-free conditions at different temperatures (Table 2 ). It was found that the reaction at room temperature leads to the corresponding product in low yields. So the reactions were performed at higher temperature (60-80 °C). The best result was achieved when the reaction was performed in H 2 O and acetonitrile at 80 °C. Based on this, water was selected as the best solvent for further study because the reaction was completed faster and the product was obtained in higher yield. Also, water is a green solvent in comparison with organic solvents. It should be mentioned that the reaction did not proceed under solvent-free conditions even after vigorous stirring for 6 h. The effect of base on the reaction was also studied in the acylation of p-anisidine in the presence of K 2 CO 3 , NaHCO 3 , KOH, and also in the absence of base in water at 80 °C. The reaction did not proceed in the absence of base after 6 h. In the presence of K 2 CO 3 , NaHCO 3 , and KOH, the corresponding amide was obtained in 95, 80, and 50 % yield, respectively, after 40 min. When KOH was used as base, the acylating reagent hydrolyzed more easily, which may be the reason for the lower yield of the obtained amide. On the basis of these results, K 2 CO 3 was selected as a green base for further study.
To demonstrate the generality and scope of this method, the acylation of different aliphatic and aromatic amines was studied using these new acylating reagents in water. It was observed that both aliphatic and aromatic amines gave the corresponding amides in good to excellent yield (Tables 3 and 4 , compounds 2a-p and 3a-q).
As the results show, in the acylation of aromatic amines, electronic and steric factors play a significant role in the reaction. Aromatic amines with electron-donating groups such as Me and MeO were acylated in a shorter reaction time, in comparison with aromatic amines containing electron-withdrawing groups such as Cl (e.g. Table 3 , entries 2 and 4, compounds 2b and 2d). Aromatic amines with strongly electron-withdrawing group such as NO 2 did not react at all. Also, increasing the steric hindrance at the ortho position of amino group leads to a substantial decrease in yield (Table 3 , entries 5, 6, and 7, compounds 2e, 2f, and 2g). It is significant to note that the reaction of secondary amines with acylating reagent did not proceed considerably under similar conditions even after 480 min, which may be due to unfavorable steric and electronic effects on nitrogen (Table 3 , entry 8, compound 2h). Also, the results showed that increased steric hindrance on the acylating reagents leads to increased reaction time and decreased yield of product (Table 3 , entries 9-16, compounds 2i-p). Then, the change of the substrate from aryl amines to alkyl amines was studied. As it was shown in Table 4 (compounds 3a-q), all of the used primary aliphatic amines were reacted with different acylating reagents in short reaction time (3-35 min), and the corresponding amides were obtained in high to excellent yield (80-95 %).
Chemoselective acylation of amino alcohols and diamines
During the course of this study, we have shown the chemoselectivity of this method for the acylation of amino alcohols and diamines using these acylating reagents in water. As it is shown in Table 5 (compounds 4a-f and 5a-g), several aliphatic and aromatic amino alcohols and diamines were acylated with different acylating reagents in water, and the corresponding amides were obtained in high to excellent yield (74-98 %). The N-acylation of amino phenols was achieved in moderate to good yield, whereas hydroxyl groups remained unaffected under the reaction conditions (Table 5 , entries 1-6, compounds 4a-f). Also, the results show that the amino alcohols were acylated faster than amino phenols and the corresponding amides were obtained in higher yield. Selective monoacylation of aromatic diamines in water using these acylating reagents was also studied. The reaction of 1,4-benzenediamine with N-acetyl-N-(4-chlorophenyl)-4-nitrobenzene-sulfonamide lead to N-(4-aminophenyl)acetamide in 86 % yield (Table 5 , entry 7, compound 5a), and there was no diacylated product in the reaction mixture. Then, acylation of N-phenyl-ethylenediamine as an aliphaticaromatic diamine was studied. The acylation reaction occurred selectively on the aliphatic amino group, and N-(2-(phenylamino)ethyl)-amides were obtained in 87-90 % yield (Table 5 , entries 8 and 9, compounds 5b and c).
Finally, aliphatic diamines were acylated with this Reaction conditions: diamines or amino alcohols (0.5 mmol), acylating reagent (1a-e) (0.5 mmol), K 2 CO 3 (1 mmol for diamines and 3 mmol for amino alcohols or amino phenols), H 2 O (1-2 mL), 80 °C. Table 5 , primary diamines such as 1,6-hexanediamine and 1,2-cyclohexanediamine were acylated completely, and the diamides were obtained (Table 5 , entries 11, 12, compounds 5e, 5f). Interestingly, acylation of N 1 -(2-aminoethyl)ethane-1,2-diamine containing both primary and secondary aliphatic amine with N-benzoyl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamide occurred only on the primary amino group, and the corresponding diamine was obtained in 77 % yield after 15 min (Table 5, entry 13, compound 5g) .
method. As it is shown in
The results of selective acylation of diamines and amino alcohols encouraged us to consider the selectivity of acylation of different amines in the presence of phenols and alcohols. Several reactions were carried out, and surprisingly, excellent selectivity was found (Scheme 2). For example, aromatic amines such as aniline can be converted into amide in the presence of phenol or aliphatic alcohol like 1-hexanol. Meanwhile, aliphatic amines were acylated selectively in the presence of aromatic amines. Also, the selective acylation of aromatic amines with electron-donating substituent in the presence of aromatic Acylating reagent: 1a
Scheme 2: Chemoselective acylation of amine and alcohol or phenol in the presence of K 2 CO 3 in water at 80 °C.
Fig. 1: The optimized structure of N-butyryl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamide (1b).
amines with electron-withdrawing group is possible with this method. To investigate the reason for these chemoselectivity, the structure of synthesized acylating reagents were studied by density functional theory (DFT) calculations [47] using the program gaussian 98 [48] . The geometries of the acylating reagents were optimized using the DFT/B3LYP theory and a 6-31G (d,p) basis set. Vibrational frequency calculations were used to characterize all stationary points as minima (the number of imaginary frequencies [NIMAG] = 0). The calculated vibrational frequencies were found to be in good agreement with the experimentally recorded values. Figure 1 shows the optimized molecular structure of N-butyryl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamide (1b) as an example, with its molecular structure belonging to point group symmetry C 1 . The structural information for this compound is listed in Table 6 . As this structure shows, the 4-chlorophenyl group is placed almost perpendicular to the plane of carbonyl and provides high steric bulkiness around this group. These results are supported by the experimental observations. Increasing the steric hindrance around the carbonyl group leads to an increase in acylation reaction time and a decrease of the product yield especially for poor and bulky nucleophiles.
Stability and reusability of acylating reagents
The special property of these new acylating reagents is their enormous stability. These compound can be stored in a bottle for a long time without any decomposition. As mentioned earlier, these reagents were used for the acylation of amines in alkaline hot water. So, the stability of these compounds was examined in water at 80 °C in the presence of K 2 CO 3 . It is interesting that after 6 h, < 10 % of hydrolysis products were separated. Meanwhile, after acylation reaction, N-(4-chlorophenyl)-4-nitrobenzenesulfonamide can be separated from the reaction mixture almost completely and reused for the synthesis of the N-acyl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamides 1a-e.
Conclusion
In conclusion, an efficient approach was introduced for the synthesis of a series of new acylating reagents under solvent-free conditions. The chemoselective acylation of amino groups in diamines, amino alcohols, amino phenols, and also in the mixture of amine and alcohol or phenol in the presence of K 2 CO 3 as a green base in water as an environmental friendly solvent was easily achieved by these new acylating agents. These acylating reagents are highly stable even in water at 80 °C. High yields of the products, simple experimental procedures, and the use of water as a green solvent are the other main advantages of this method.
Experimental section
All chemicals were purchased from Merck and Fluka. Infrared spectra were recorded on a Perkin-Elmer V IR spectrophotometer. 
General procedure for the synthesis of N-acyl-N-(4-chlorophenyl)-4-nitrobenzene sulfomamides (1a-d)
4-Chloroaniline (2 mmol, 0.255 g) and anhydrous NaHCO 3 (1 g) were ground together into a fine powder, and 4-nitrobenzenesulfonyl chloride (2 mmol, 0.442 g) was added under vigorous stirring at room temperature. The progress of the reaction was followed by TLC until the conversion of amine was completed. The product showed one spot on TLC and was used in the second step without isolation. Carboxylic acid anhydrides (10 mmol of acetic anhydride, 4 mmol of butyric anhydride, 5 mmol of pentanoic anhydride and hexanoic anhydride) and anhydrous K 2 CO 3 (1 g) were added, and the mixture was stirred vigorously at room temperature. The reaction was monitored by TLC. Upon completion of the reaction, water was added and the mixture was stirred for a few minutes. After filtration, washing with additional water and drying, the corresponding N-acyl-N-(4-chlorophenyl)-4-nitrobenzenesulfonamide (compounds 1a-d) was obtained in 90-95 % yield with high purity and was used for the acylation reaction without purification. ). N-benzoyl-N-(4-chloro- phenyl)-4-nitrobenzene sulfonamide (1e) 4 -Chloroaniline (2 mmol, 0.255 g) and anhydrous NaHCO 3 (1 g) were ground together into a fine powder, and 4-nitrobenzenesulfonyl chloride (2 mmol, 0.442 g) was added under vigorous stirring at room temperature. The progress of the reaction was followed by TLC until the conversion of amine was completed. The product showed one spot on TLC and was used in the second step without isolation. Benzoic anhydride (2 mmol, 0.452 g), anhydrous K 2 CO 3 (1 g), and acetone (10 mL) were added to the mixture and stirred at room temperature. Upon completion of the reaction, as it was shown by TLC, the solvent was evaporated, water was added, and the mixture was stirred for a few minutes. 
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General procedure for the acylation of aromatic and aliphatic amines
A mixture of the acylating reagents 1a-e (0.5 mmol), aryl amine (1.5 mmol), or alkyl amine (0.75 mmol) and K 2 CO 3 (2 mmol for aromatic amines and 1 mmol for aliphatic amines) was stirred in H 2 O (1-2 mL) at 80 °C for the appropriate period of time. After completion of the reaction as indicated by TLC, the reaction mixture was acidified with 5 % HCl and extracted with EtOAc (50 mL) and water (10 mL). The combined organic layer was concentrated in vacuo and purified by column chromatography on silica gel to afford the pure product (compounds 2a-p and 3a-q).
4.2.2
General procedure for the acylation of diamines, amino alcohols, and amino phenols
